Introduction {#sec1}
============

For the early and accurate detection of glaucoma and corneal diseases, high-resolution imaging modalities are essential. Diagnostic medical instrumentations based on optical methodologies allow high-resolution imaging and ultrasensitive detection. These photographic and optical tomographic imaging modalities have significant contributions to the diagnosis, prognosis, and management of glaucoma and corneal diseases. Nonetheless, they all have both benefits and drawbacks in acquiring repeatable and reliable measurements. In this context, this article reports a potential noninvasive, noncontact method and apparatus for the sequential imaging of the cornea and iridocorneal angle (ICA), which can complement existing imaging modalities with high-resolution images.

Abnormalities in the aqueous outflow system (AOS) of the eye can result in an elevated intraocular pressure, which can subsequently cause glaucoma, a disease resulting from damage to optic nerve that may lead to permanent loss of vision.[@bib1] Glaucoma is also known as the "silent thief of sight" because the initial vision loss is mainly peripheral and not readily noticeable. Treatment for glaucoma includes pharmacologic therapy, laser-based therapy, and surgery. However, being a chronic condition, glaucoma requires continuous review even after the intraocular pressure is well-regulated. The aim of the treatment is to preserve the remaining vision, because damage from glaucoma to the optic nerve cannot be reversed.

The imaging of anatomic structures in the anterior chamber of the eye, in vivo, is a challenge, even with today\'s state-of-the-art medical technology.[@bib2] A vital part of the AOS in the eye is the ICA, which comprises the trabecular meshwork (TM) and the Schlemm\'s canal. Clinicians primarily rely on individualized approaches for the assessment of the ICA as there is no universal and foolproof concept or methodology available for imaging the ICA. For example, anterior segment optical coherence tomography (AS-OCT)[@bib3]^,^[@bib4] is a method used by clinicians to detect eyes with narrow angles. AS-OCT helpful in obtaining quantitative information about the angle width and can be used to observe pathologic changes overtime. Although AS-OCT can image different structures of the anterior segment and can be used to quantify the TM region, it is unable to image the individual TM structures.[@bib5]^--^[@bib7] Even studies dedicated to TM imaging using polarization-sensitive OCT were not able to resolve the individual TM structures.[@bib6] Another method used for the angle imaging is ultrasound biomicroscopy (UBM),[@bib8] which is also able to image structures posterior to the iris. This method is also not capable of imaging the individual TM structures owing to lack of resolution. Researchers are working on new devices and instrumentation for imaging the AOS.[@bib9] Such imaging modalities must have adequate spatial resolution (approximately 1--5 µm) and contrast to resolve the TM structures, to be of greater diagnostics value toward the understanding of the disease state, and evaluation of treatments that decrease intraocular pressure.

Corneal diseases are another leading cause of blindness, together with glaucoma and cataract.[@bib10]^,^[@bib11] They include a wide range of inflammatory and infectious diseases that can cause corneal scarring and eventually lead to loss of vision. Corneal inflammation can occur from many factors, such as ocular trauma, ocular surface diseases, corneal sutures, previous ocular surgery, eyelid malalignment, and even from diseases unrelated to the eye, such as diabetes. The success rate of surgical intervention of corneal blindness is good, but can be affected by postoperative complications and graft rejection. For corneal inspection, the most advanced imaging system that provides cellular level resolution is the in vivo laser scanning confocal microscopy (LSCM).[@bib12] LSCM can image most of the corneal structures in vivo and helps clinicians to evaluate the disease state and treatment response without any physical sectioning. However, most of the LSCM instruments available for ocular imaging are contact based and hence there is a risk of corneal injury and applanation of the cornea that introduce artifacts in the images. UBM is another commonly used tool used for corneal pachymetry. UBM can image the anterior segment of the eye even in the presence of scarred and edematous corneal tissues. However, being a contact technique, UBM is also is impractical in many clinical situations such as in the case of eyes with ocular injuries and postoperative eyes. It may also cause distortion to the eye anatomy due to the supine positioning of the patient during image acquisition.[@bib13] Both UBM and LSCM require experienced and skilled operators for obtaining high-quality images and to minimize the risk of corneal infections or abrasions. Emerging technology based on multiphoton microscopy[@bib14] is promising, offering a greater depth of penetration and lower photo toxicity compared to conventional confocal system. Recently a safe in vivo technique using two-photon microscopy has been reported for the noninvasive imaging of the eye.[@bib15] Nonetheless, there remains an extensive amount of translational and clinical investigation necessary before its integration into clinical ophthalmology. AS-OCT is the gold standard in measuring the anterior segment of the eye.[@bib16] AS-OCT is a well-established technique, but routinely only measures cross-sectional data. The en face images need to be reconstructed from the cross-sectional images, which is often difficult. There have been exciting advances in en face OCT technology in research that have achieved high-quality, noncontact, cellular-level images of the corneal structures.[@bib17]^--^[@bib19] However, commercially available OCT ocular imaging systems lack the cellular resolution en face imaging capabilities. Undoubtedly, there is a need for high-resolution imaging methods that are simple, noncontact, and have an excellent safety profile.

In the context of innovating medical technologies,[@bib20]^,^[@bib21] several different gaps can exist in the diagnostics landscape, with each leading to different opportunities. This article focuses on identifying the white space gap, and then conceptualizing ways to align an unrelated technology with the *Need Statement*. [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} summarize the clinical observations, problem identification, and the *Need Statement* conceptualization for glaucoma and corneal disease, respectively.

###### 

Process for *Need Statement* Conceptualization Addressing Glaucoma

  ------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clinical observation                 Imaging the critical anatomic structures of the eye, especially of the anterior chamber, in vivo, remains a challenge, even with currently available state-of-the-art medical imaging techniques. The lack of visualization tools for characteristic anatomic structures such as the Schlemm\'s canal, the TM, and scleral spur, severely restrict clinicians and vision researchers, in obtaining objective information that can help in the detection and evaluation of primary open angle and angle closure glaucoma.
  Problem identification               Clinicians rely on individual approaches for ICA assessment, as there is no universal, foolproof methodology for imaging the ICA. These approaches usually result in higher financial burden on the patients.
  *Need Statement* conceptualization   There is a need for high-resolution (approximately 1 -- 5 µm) imaging method that is capable of resolving the TM structures, to be of greater diagnostics value toward the understanding of the disease state, and subsequent treatments that decrease intraocular pressure.
  ------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Process for *Need Statement* Conceptualization Addressing Corneal Diseases

  ------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clinical observation                 Currently available commercial ophthalmology instruments for corneal imaging are associated with limitations such as the dependence on coupling medium, insufficient resolutions, long image acquisition times, the need for trained and experienced operators, risk of epithelial injuries, and thus lack of information for detection and evaluation of corneal diseases.
  Problem identification               Multiple diagnostic instruments might be necessary with the currently available imaging modalities to image the entire cornea with required resolution. Multiple test procedures result in higher stress and higher financial burden on patients.
  *Need Statement* conceptualization   There is a need for high-resolution imaging methods that are simple, noncontact, and has excellent safety profile for a clinician and patient friendly investigation.
  ------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

This work aims to explore the advantage of Bessel beam[@bib22]^,^[@bib23] to form extended range high-resolution images, unattainable by conventional Gaussian beam illumination. Additionally, the ability of the Bessel beam to self-reconstruct around obstacles is expected to increase the image contrast at the TM region inside eye by reducing scattering and shadow artifacts.[@bib24] This research also looked into a corneal high-resolution imaging configuration that provides diagnostic information for corneal related diseases. With minor modifications, the excitation arm of the proposed ICA imaging system can be adapted for high-resolution corneal imaging. Although we have reported the Bessel beam light sheet fluorescence microscopy (LSFM)--based ICA imaging system and Gaussian beam based corneal imaging system in the past,[@bib25]^,^[@bib26] a method to integrate these two techniques to a single system that can be used for both corneal imaging and ICA imaging is reported in this work. Further the in vivo and ex vivo imaging capabilities of this system are also demonstrated as proof of concept. The in vivo imaging of TM using this technique is being reported for the first time. This optical configuration is expected to be useful among researchers and clinicians for the evaluation and diagnosis of corneal diseases and glaucoma.

Methods {#sec2}
=======

Materials {#sec2-1}
---------

Analytical-grade reagents were used for the preparation of porcine eye samples. Sodium hydroxide pellets were obtained from Merck (Kenilworth, NJ) and fluorescein powder was obtained from Fluka Analytical/Sigma-Aldrich (St Louis, MO). Millipore (Burlington, MA) water (resistivity 18.2 MΩ cm, from the Milli-Q Synthesis A10) was used for making the solutions. For the animal models, medical grade fluorescein eye drops (Minims Fluorescein Sodium 2%; Bausch & Lomb, Kingston upon Thames, UK) were applied.

Preparation of Porcine Eye Samples {#sec2-2}
----------------------------------

The porcine eye samples were procured from a local abattoir from 15 randomly selected pigs (*Sus scrofa domestica*) and were used within 2 hours after extraction. A custom designed eye holder mounted on an X--Y translation stage was used for holding the samples during the measurements.

Preparation of Fluorescein Dye {#sec2-3}
------------------------------

Because the fluorescein powder is insoluble in water, 0.02 g fluorescein was dissolved in 10 mL of 1 M sodium hydroxide to prepare the 0.2 % w/v of fluorescein sodium solution. To prevent photobleaching, this dye solution was stored in the dark. The anterior chambers of the porcine eye samples were injected with the fluorescein dye using a 29-gauge needle syringe.

Preparation of New Zealand White (NZW) Rabbit {#sec2-4}
---------------------------------------------

One randomly selected eye of the NZW rabbit was applied with medical grade 2% fluorescein sodium eye drops solution 4 hours before the start of the experiment. Three doses of fluorescein sodium eye drops were applied, at an interval of 5 minutes. The excess dye was washed off with saline solution. The NZW rabbit was anesthetized intramuscularly with a combination of ketamine hydrochloride (50 mg/kg) and xylazine (10 mg/kg). The rabbit\'s eyelids were manipulated using suitable eyelid retractors.

All in vivo imaging measurements were conducted at the Singapore Eye Research Institute (SERI), SingHealth Experimental Medicine Centre. All the experiments were approved by the Institutional Animal Care and Use Committee (IACUC, approval number: 2014/SHS/928). All animal research was conducted in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Fluorotron Master (Ocumetrics, Mountain View, CA) was used to measure the fluorescein level within the rabbit\'s eye. This instrument can construct fluorescein concentration profiles from the cornea to the retina, by sequentially focusing on spatially distinct sites along the ocular axis.[@bib27] The data were processed and displayed graphically ([Fig. 1](#fig1){ref-type="fig"}).

![Fluorotron Master data showing (a) background level of fluorescence count in an untreated eye of the NZW rabbit, and (b) fluorescence count in the same eye after fluorescein is applied. The three different plots in (b) represent three independent scans targeted at different depths of the eye.](tvst-9-5-1-f001){#fig1}

Experimental Setup for the Sequential Imaging of the ICA Region and Cornea {#sec2-5}
--------------------------------------------------------------------------

For the interrogation of the ICA region, a 488 nm diode laser (LuxX 488, Omicron, Berlin, Germany) was used as the excitation source and the fluorescence signal emitted from the TM network was detected by a scientific complimentary metal-oxide semiconductor detector (Andor Neo 5.5, Andor Technology; Belfast, UK). The output from the fiber coupled excitation laser was collimated using a preassembled fiber collimator (F810FC-543; Thorlabs Inc., Newton, NJ) and was made incident onto a planoconvex axicon lens (176° apex angle; Altechna Co. Ltd., Vilnius, Lithuania). The ring phase of the generated Bessel beam was then collimated and directed to a Galvano scanner (Cambridge Technology Inc., Bedford, MA) and relayed to a 20× objective lens (numerical aperture \[NA\] = 0.42, infinity-corrected, 20 mm working distance; Mitutoyo corp., Kanagawa, Japan) using a visible scan lens (CLS-SL, 54 mm working distance, f = 70 mm; Thorlabs Inc.), and a tube lens (ITL200, infinity corrected, 148 mm working distance, f = 200 mm; Thorlabs Inc.) combination. Another infinity-corrected objective and tube lens configuration was used to collect the fluorescence emitted from the TM to the highly sensitive scientific complementary metal-oxide semiconductor camera. The imaging arm was placed orthogonal to the illumination axis. The 488 nm notch filter (center wavelength = 488 nm, full width at half maximum 15 nm) was placed within the infinity space in the detection axis to attenuate the 488 nm excitation wavelength, while transmitting the 520 nm emission wavelength of fluorescein sodium. A variable neutral density filter was used to control the light intensity falling on the camera and a USB digital microscope (Dino-Lite Pro, Taipei, Taiwan) was installed to assess and document the alignment of the laser beam. [Figure 2](#fig2){ref-type="fig"} shows a schematic of the experimental setup. A photograph of the prototype can be found in [Supplementary Figure S1](#tvst-9-5-1_s001){ref-type="supplementary-material"}.

![The combined experimental setup for the sequential imaging of the ICA region and the cornea. For corneal imaging a diode laser of 785 nm wavelength was used, and the axicon and collimation lens were removed. CCD, charge coupled device; sCMOS, scientific complementary metal-oxide semiconductor.](tvst-9-5-1-f002){#fig2}

Imaging Method for ICA Region {#sec2-6}
-----------------------------

Generating the Bessel beam using an axicon lens is more efficient in comparison with other conventional methods.[@bib28] Additionally, photobleaching and photodamage can be minimized in this case because higher illumination efficiency equates to lower exposure time. There is also potential for super resolution imaging, as the radius of the central spot of the Bessel beam (\|*J~0~*\|[@bib2]) is approximately 38% smaller than the first dark ring of the Airy pattern for an infinitely small annular width.[@bib29] The formation of a Bessel beam using an axicon and subsequent propagation through a 4f system is illustrated in [Figure 3](#fig3){ref-type="fig"}.

![Illustration of a Bessel beam formation through a series of lens arranged in a 4F configuration. The axicon is illuminated with a Gaussian beam of wavelength *λ*.](tvst-9-5-1-f003){#fig3}

The depth of focus, *Z~D~*, of the Bessel beam in this scheme can be controlled by a variable aperture placed before the axicon surface, and is given by the following equation[@bib28]: $$\begin{array}{r}
{Z_{D}\, = \,\frac{R_{ill}}{\left( n - 1 \right)_{\gamma}}} \\
\end{array}$$where *R~ill~* is the radius of the incident beam, and *n* and *γ* are the refractive index and the cone angle of the axicon, respectively. From this equation, it can be seen that *Z~D~* and *R~ill~* are directly proportional. Careful selection of the aperture size to control *Z~D~*, to ensure that only the region of interest is precisely illuminated, is necessary to keep the side lobe excitation tails around the central core to minimum. By scanning the vertical mirror of the Galvano scanner, a virtual Bessel light sheet can be achieved. Because there is no beam-shaping aperture in the generation of the light sheet, optical aberrations associated with beam-shaping apertures need not be considered.[@bib30] The intrinsic self-reconstructing capability of the Bessel beam enhances the imaging contrast deep inside the highly light-scattering structures of the ICA. The scanning scheme helps to decrease photobleaching and the acquisition time and lowers the patient\'s discomfort. Furthermore, the noncontact nature of the proposed system, owing to the use of long working distance objectives, gives it an added advantage over the traditional contact based ICA imaging techniques such as gonioscopy.

The position of the illumination light sheet should be aligned to be within the depth of field of the imaging objective ([Fig. 4](#fig4){ref-type="fig"}). This positioning ensures that the light is concentrated only at the region of interest, resulting in an efficient illumination. Additionally, this positioning improves the image sharpness and reduces background noise.[@bib26] The proposed LSFM scheme has an intrinsic optical sectioning capability, because no fluorescence is generated beyond the illumination plane, minimizing the out-of-focus background.

![The projection of a Bessel beam into the FOV of the detection objective. The Bessel beam has a longer depth of focus and a central peak that is narrower than the Gaussian beam. (b) The relative intensity (amplitude squared) cross-section of a Bessel beam and its relative radial intensity.](tvst-9-5-1-f004){#fig4}

The use of infinity optics in the proposed system helps in maintaining the parfocality of the system and also ensures that no spherical aberrations or change in working distance are introduced by optical components placed in the infinity space. Since the notch filter is placed into a parallel flux of light waves, both the location and focal point of the image remain unchanged, and the 20× magnification is maintained throughout the compound lens system in the detection arm.

Imaging Method for Cornea {#sec2-7}
-------------------------

A diode laser of 785 nm wavelength (LBX-785, Oxxius, Lannion, France) was used for corneal imaging and the fiber collimator F810FC-543, was replaced by F810FC-780. Because these preconfigured fiber collimators are designed for a specific wavelength, it becomes necessary to change the collimator to match the excitation light source for optimal performance. The axicon and collimation lens were removed in the corneal imaging scheme. In contrast with the orthogonal excitation configuration in LSFM, the corneal imaging scheme is based on an epi-illumination configuration. In the epi-illumination scheme, the images are collected by the same objective lens that is used for illuminating the sample and then reflected by the pellicle beam splitter in the illumination path. A CMOS camera (PL-B741; PixeLINK, Ottawa, Ontario, Canada) in combination with an infinity-corrected tube lens was used to record the reflected images. To control the intensity of light falling on the CMOS camera, a neutral density filter was used and the images were directly displayed on the computer monitor. The objective lens was moved toward the sample and image capturing was initiated when the first superficial cells of the cornea became visible. The same Dino-Lite USB microscope used for ICA imaging was used to record the alignment of the laser beam.

The objective lens was moved using a translation stage with micrometer precision for depth-sensitive imaging of targeted region. In this way, the images are recorded by gradually moving the focal plane into the corneal stroma and endothelium. Owing to the greater optical path length (OPL) through the cornea as a result of its higher refractive index, the focal plane shift inside cornea will be different from the actual distance moved by the objective lens. If *d* is the distance moved by the objective and *n* is the refractive index of the cornea, the OPL inside the cornea can be calculated using the formula, *OPL = nd*. For example, for every 100 µm shift of the objective, the focal plane inside the cornea will be shifted by a distance of 137.6 µm along the optical axis (*n*~cornea~ approximately = 1.376). It must be noted that, for large area interrogation, the curvature of the corneal surface and the associated OPL changes also need to be considered.

Results and Discussion {#sec3}
======================

Choice of Animal Models {#sec3-1}
-----------------------

The ICA anatomy of the various animal models differs extensively with that from the humans. The development of the anatomic structures is ranked phylogenetically from Rodentia (rabbit), Ungulata (pig), to Primata (subhuman primate).[@bib31] Despite the structural differences, all these animal models have a continuous endothelial lining of the aqueous outflow channels, similar to those in human. Based on the similarity in morphology to human eyes, porcine eyes were chosen as the ex vivo animal model in this study. Porcine eyes have been routinely used in vision research for glaucoma[@bib32] and corneal transplant studies.[@bib33] The corneal thickness (twice that of human cornea) and absence of the Bowman\'s layer are two major differences in the anterior segment of the porcine eye in comparison to a human eye.[@bib34]

The choice of NZW rabbit as an in vivo animal model was based on the fact that it is a natural glaucoma model[@bib35] and owing to the similarity in cornea size with human.[@bib36] It should be noted that the anterior chamber depth and corneal thickness of the NZW rabbits are slightly lower than those of humans. Although the Descemet and Bowman\'s layers are not well-developed in rabbits, similar endothelium, stroma and epithelium layers were found in rabbit and human corneas.[@bib37]

ICA Imaging {#sec3-2}
-----------

The challenges of three-dimensional (3D) in vivo imaging should be put into consideration when conceptualizing new imaging modalities for the high-resolution imaging of the AOS. These challenges include the ability to image at cellular/subcellular spatial resolution, optical sectioning capability, high imaging speed, and in the case where fluorescence is required, a low level of photobleaching and photodamage. In addition, they should also have safety profile that is similar to the current state-of-the-art medical instruments.

In the LSFM imaging modality, the lateral and axial resolutions are decoupled and are dependent on the NA of the detection objective and the thickness of the light sheet respectively. The effective lateral resolution of the proposed scheme is given by$\lambda_{ex}/\left( 2NA_{det} \right)$, where *λ~ex~* is the wavelength of excitation and *NA~det~* is the NA of the detection objective. Typically, for obtaining a large field of view (FOV), lenses with low NA are used. However this results in the reduction of lateral resolution. For the proposed experimental scheme, we used a 20×, long working distance objective with a NA of 0.42. The lateral spatial resolution of this system was determined experimentally by imaging a US Air Force bar target (USAF1951 chart). As shown in [Figure 5](#fig5){ref-type="fig"}, the proposed configuration can image up to group 7, element 6, corresponding to a lateral resolution of about 2.19 µm.

![Measurement of lateral resolution using USAF (1951) chart with the 20× objective lens.](tvst-9-5-1-f005){#fig5}

Axial resolution measures the smallest distance in the axial direction where two features can be clearly resolved when there is negligible noise, whereas the optical sectioning capability assesses the ability of the imaging system to reject out-of-focus fluorescence signal. These two parameters are related such that an increasing fluorescence signal from poor optical sections results in an axial resolution that is lower than the ideal theoretical value. The axial resolution and optical sectioning capability of the proposed method is defined by the convolution of conventional wide-field detection optical transfer function. The inherent disadvantage of conventional widefield detection methodology is that the detection optical transfer function has a missing cone of axial information, and this results in poor optical sectioning capability and considerable out-of-focus background. In Bessel beam plane illumination, the optical transfer function of the excitation plane (determined by the Bessel beam and the microscope\'s mode of operation) is able to fill up this missing axial information, hence enhancing the practical limit of the axial resolution and reducing the out-of-focus background. One limiting factor is, however, the deterioration of the illumination quality as a result of the sample-induced aberration or scattering. This limitation undermines the image resolution.

LSFM, with orthogonal illumination and detection axes, is a potential methodology to bridge the gap between the high penetration, but low-resolution ultrasound imaging and high-resolution but limited penetration of confocal microscopy. LSFM can generate large FOV two-dimensional optical sections with minimal photodamage, because only the plane under observation is selectively illuminated. The minimal exposure time to excitation radiation and the fast image acquisition speed makes LSFM a perfect tool for in vivo ocular imaging. Because the proposed method is noncontact in nature and the eye is positioned upright during the measurements, the eye anatomy is undisturbed, and hence it is possible to inspect the ICA region in its natural and dynamic states. Being a noncontact technique, the risk of corneal infection or abrasion is minimal for the patients and hence is suitable for pre- and postoperative ocular imaging and even for cases with prior ocular injuries, in contrast with other imaging techniques like confocal microscopy or UBM. The advantages of the proposed prototype are summarized in [Table 3](#tbl3){ref-type="table"}.

###### 

Challenges Associated with 3D In Vivo Fluorescence Imaging and the Advantages of the Proposed System

  Challenges                                Description                                                                                                                                                                                            Advantages of Proposed System
  ----------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------
  Cellular/subcellular spatial resolution   Micrometer and submicrometer spatial resolution is required to identify cellular and subcellular ocular imaging in a 3D environment.                                                                   Scanned Bessel beam generates much thinner light sheet, resulting in better axial resolution.
  Optical sectioning                        Excellent optical sectioning allows high signal-to-noise ratio images and at the same time minimizes out-of-focus background on densely labeled or thick samples.                                      The confined plane of excitation in LSFM will automatically exclude the out-of-focus excitation, providing good optical sectioning capability.
  Imaging speed                             High imaging speed helps in capturing the cellular/subcellular dynamics.                                                                                                                               The simultaneous excitation across the entire illumination plane translates to a high acquisition speed, comparable to conventional wide field imaging.
  Photobleaching and photodamage            Photobleaching and photodamage should be as low as possible, so that the samples can be examined over a long period of time, thus revealing the true physiological process in the undisturbed state.   The high imaging speed and scanned light sheet consequently results in lower photobleaching and photodamage.

A direct view of the ICA region is not possible because it is obstructed by the sclera overlap. Therefore, viewing the TM structures from the opposite angle is the best method to observe them. The resulting images obtained from the ICA region of the porcine sample (ex vivo) and NZW rabbit (in vivo) using the proposed optical imaging prototype are shown in [Figures 6](#fig6){ref-type="fig"}a and b, respectively. In contrast with the heavily pigmented porcine eye, the NZW rabbits have a genetic deviation known as albinism. The high-resolution images obtained using this prototype can be attributed to the Bessel beam\'s ability to reconstruct through scattering media. This unique characteristic of the Bessel beam helps in obtaining a high-contrast image of the TM network, and helps in minimizing shadowing and scattering artifacts.[@bib24]^,^[@bib38] The collagen fiber network of the TM can be clearly seen in the obtained images. The dimensional features match well with previous histologic measurements reported in the literature.[@bib39]^--^[@bib41] The imaging contrast in [Figure 6](#fig6){ref-type="fig"}b is lower compared with the image in [Figure 6](#fig6){ref-type="fig"}a owing to motion artifacts, and shorter exposure times used to decrease the motion artifacts.

![(a) Two-dimensional images of porcine ICA region (ex vivo) and (b) NZW rabbit ICA region (in vivo) recorded using the proposed Bessel LSFM imaging system. A, ICA; I, iris; S, sclera. The network arrangement of the TM can be seen in both the images.](tvst-9-5-1-f006){#fig6}

Corneal Imaging {#sec3-3}
---------------

A long working distance objective at the distal end is highly desirable and often necessary for ocular imaging, to avoid epithelial injury and to minimize patient discomfort. Because the working distance of an objective decreases as its magnification and NA increases, it can be understood that the working distance of an objective is limited by the need for a high NA and, hence, a high resolving power. The lateral resolution of the optical setup for corneal imaging is given by the conventional wide field microscopy diffraction limit. Although the same objective lens was used, the lateral resolution is slightly different compared with the optical setup used for ICA imaging owing to the change in excitation wavelength. Although a higher magnification offers better lateral resolution, it comes at the expense of the working distance and the region of interest. This is because the FOV of the proposed configuration is limited by the inverse ratio of the objective magnification and the field number of the scan lens.[@bib42] The maximum FOV achievable with the 20× objective lens in this prototype is approximately 1.3 mm.

The noncontact and upright positioning of the sample as well as near infrared illumination, enable viewing the cornea in its dynamic and natural states. The proposed prototype does not require any complicated sample preparation or coupling medium. These eliminate the risk of exposing the patient to the infections and corneal abrasion associated with contact procedures. In contrast with confocal microscopy and UBM, this procedure is thus would be applicable to patients with ocular injuries, as well as for pre- and postoperative eyes. As in the case of OCTs, the area of the sulcus is not visible owing to the inability of the infrared light to penetrate the posterior layer of the iris, and the ciliary body cannot be imaged owing to absorption of the infrared light through the sclera. The proposed optical setup combines the high spatial resolution of confocal microscopy with the noncontact feature of the OCTs. Furthermore, the proposed setup is easily portable and nonbulky, and is compatible with any workstation that is equipped with the interfacing software. Both single frame acquisition and kinetic series recording are available depending on the users' preference. However, because the proposed system uses a lower wavelength for illumination compared with other imaging modalities like OCT, it has a lower penetration depth owing to the higher scattering from ocular tissues. It should also be noted that high illumination powers are undesirable in the proposed system owing to the lower absorption by water in ocular media at this wavelength, which results in decreased retinal protection.[@bib43] The lower illumination power constraints the imaging speed of the system. Nonetheless, because the proposed system makes use of a high-speed and high-sensitivity CMOS camera, this factor is not much of a concern. Moreover, the use of shorter wavelength results in a higher lateral resolution based on conventional wide field microscopy diffraction limit, given by $\lambda_{ex}/\left( 2NA_{det} \right)$.

Under the proposed scheme, using a scan speed of 50 µm/s, it takes approximately 15 s to cover the entire corneal thickness of the porcine eye, whereas it takes approximately 6 s to cover the entire thickness of rabbit cornea. It is estimated to take approximately 7 s to scan the entire thickness of the human cornea, because the average thickness of human cornea is approximately 500 µm.[@bib44] [Figure 7](#fig7){ref-type="fig"} shows the images of the porcine and rabbit corneas captured across the entire thickness. The excitation intensity was always kept lower than the maximum permissible exposure limit advocated by the International Commission on Non-Ionizing Radiation Protection and the American National Standards Institute.[@bib45]^,^[@bib46] Subsequent confocal microscope images on the rabbit cornea also show that no damage were induced due to the laser excitation. The corneal images acquired from porcine eyes (ex vivo) and NZW rabbit (in vivo) using the developed system are presented in [Figure 7](#fig7){ref-type="fig"}.

![Unprocessed digital images of the (a) porcine (ex vivo) and (b) NZW rabbit (in vivo) corneas captured across the entire thickness. The individual layers' images are overlapped with the out-of-focus images in these frames.](tvst-9-5-1-f007){#fig7}

Motion artefact was one of the challenges faced during the in vivo imaging of the rabbit cornea. Even though the measurements were conducted when the rabbit was under general anesthesia, the motion caused by its breathing between image acquisitions resulted in significant motion artefacts. This factor, however, was not a concern with ex vivo porcine eyes. These motion artefacts can be reduced further through fixation targets and averaging techniques, along with postprocessing edits. We would like to note here that, owing to the slow scanning speed of the system, it may not be feasible to image the entire cornea during in vivo measurements using this technique. We rather envision this system to complement standard ophthalmic techniques, such as AS-OCT, with high-resolution images of specific regions of interest.

The acquired corneal images show the cellular structures of the cornea. In this epi-illumination configuration, the amount of optical backscatter depends on the changes in refractive indices between the different layers within the cornea. Greater changes in the refractive index results in a higher reflectance that in turn leads to a larger contrast difference. The 3D profile of the entire cornea can be reconstructed from the depth measurements. However, further system modification and postacquisition image processing are necessary because of the proposed system\'s inability to eliminate out-of-focus blurs caused by light emanating from regions below and above the focal plane. This explains why the images seem to be obscured at the endothelium layer. Another limitation of the proposed system is that the two-dimensional topography is unable to capture the entire cornea in a single acquisition. The average corneal diameter of a healthy adult is approximately 11.7 mm.[@bib47] With a FOV of approximately 1.3 mm, it takes about nine individual acquisitions to scan across the diameter of the cornea. A comparison of the developed prototype\'s capabilities with some of the standard ophthalmologic imaging devices is presented in [Table 4](#tbl4){ref-type="table"}.

###### 

Comparison of Different Ophthalmologic Imaging Techniques

  Imaging               Noncontact   High Resolution   Imaging   Imaging  Measurement
  -------------------- ------------ ----------------- --------- --------- --------------------------
  AS-OCT                   Yes             Yes           Yes     Limited  Interferometry
  LSCM                      No             Yes           Yes       No     Confocal microscopy
  Multiphoton              Yes             Yes           Yes       Yes    Multiphoton fluorescence
  UBM                       No             No            Yes       No     Ultrasound imaging
  Gonioscopy                No             No            Yes     Limited  Microscopy
  Reported Prototype       Yes             Yes           Yes       Yes    Light sheet fluorescence

Conclusion {#sec4}
==========

A noninvasive and noncontact ocular imaging system for the sequential imaging of the cornea and ICA has been demonstrated based on a Gaussian beam epi-illumination configuration, and a Bessel beam plane illumination configuration, respectively. The acquired images can be saved into a computer database, which will allow clinicians to engage in continuous evaluation of the disease progression and response to the treatment over time. Preliminary studies on animal models show promising results.

The proposed corneal imaging prototype has cellular-level imaging resolution, and it would be useful to incorporate analytical tools for pachymetry and keratometry readings in the next prototype. The transcorneal ICA imaging configuration using the Bessel beam virtual light sheet can surpass the trade-off between length and thickness of a conventional Gaussian light sheet and thus results in better axial resolution with improved signal-to-noise ratio. Although various configurations of light sheet microscopy have been widely used in developmental biology,[@bib48]^--^[@bib50] we are the first to report the application of LSFM in the field of ophthalmology.[@bib26] The spatial resolution of the proposed system is adequate enough to image the TM structures and thus can provide objective information about the AOS. The use of high-speed, high photon efficiency scientific complementary metal-oxide semiconductor camera allows subcellular spatial resolution both ex vivo and in vivo. Nonetheless, it must be noted that live fluorescence imaging is usually limited to two-dimensional images over limited time intervals. This incomplete representation of biological samples can be misleading to clinicians and vision researchers for an objective evaluation of glaucoma. By sweeping the Bessel beam in x-direction to project a light sheet at each *z*-plane, a 3D volumetric stack can be created.[@bib51] The sample under study should be kept stationary throughout this 3D data acquisition, which will help in minimizing motion artifacts. Such motion artefacts will be lesser in human eye imaging compared with animals under anesthesia. Another limitation in the TM imaging scheme is that the deeper structures of the AOS, such as the Schlemm\'s canal, are not resolved owing to the low penetration depth of the illumination wavelength. Combining OCT or other imaging modalities to the proposed scheme could be a future solution in this regard.

The proposed corneal imaging scheme is able to resolve individual cellular structures of the cornea. This scheme potentially enables the identification and characterization of infectious agents during an inflammatory response or cellular-level responses to pathologic processes, even in cases of abnormalities or corneal opacities. Clinicians and vision researchers can therefore classify the disease states without the need to mechanically remove samples from the cornea. This allows the objective evaluation of subsequent treatment response, and also contributes to the cost effectiveness.

More translational and clinical investigations are necessary to determine the effectiveness of the proposed method in a clinical setting to complement existing imaging modalities. Comparative studies with other established methodologies can improve the effectiveness of subsequent treatments and decrease morbidity. Being a simple, noncontact and high-resolution method, the proposed methodology is envisaged to be a useful tool for clinicians for the diagnosis and management of corneal diseases and glaucoma by complimenting existing tools such as AS-OCT with zoomed in views of the areas of interest.
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